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a  b  s  t  r  a  c  t
Plant  pathogenic  viruses  cause  a  number  of  economically  important  diseases  in  food,  fuel,  and  ﬁber crops
worldwide.  As  obligate  parasites  with  highly  reduced  genomes,  viruses  rely  heavily  on  their hosts  for
replication,  assembly,  intra-  and  intercellular  movement,  and  attraction  of vectors  for dispersal.  There-
fore, viruses  must  inﬂuence  or  directly  utilize  many  host  proteins  and  processes.  While  many  general
effects  of virus  infection  have  long  been  known  (e.g.,  reduction  in  photosynthesis,  alterations  in carbon
metabolism  and  partitioning,  increased  expression  of pathogenesis-related  proteins),  the  precise  under-lant immunity
ost-virus interactions
ost-pathogen interactions
lant proteomics
lying mechanisms  and  functions  in  the viral  life  cycle  are  largely  a mystery.  Proteomic  studies,  including
studies  of differential  protein  regulation  during  infection  as  well  as studies  of host–viral  protein–protein
interactions,  can  help  shed  light  on the  complex  and  varied  molecular  interactions  between  viruses  and
plant  hosts.  In this  review,  we summarize  current  literature  in  plant-virus  proteomics  and  speculate  on
why  viruses  have  been  selected  to  manipulate  these  diverse  biochemical  pathways  in  their  plant  hosts.
Published  by Elsevier  B.V.  This  is an  open  access  article  under  the  CC  BY-NC-ND  license  (http://
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1. Introduction
Plant diseases caused by viruses incur enormous costs to grow-
ers each year, both directly, in the form of yield and quality loss, and
indirectly, in the forms of time and funds spent on scouting and dis-
ease management. Compared to even the smallest known bacterial
genome, the genomes of plant viruses are tiny, sometimes encoding
fewer than ten proteins. Therefore, they are masterful at co-opting
host cell components to complete their life cycle. Many aspects of
the life cycles of plant pathogenic viruses remain a mystery.
Due to the barrier of the cell wall, plant pathogenic viruses
require outside assistance to infect a new host. Mechanically trans-
missible viruses are carried on tools, equipment and herbivores
to infect a new host through contact with wounds. Other viruses
require a vector for transmission. The most proliﬁc vectors are
sap-feeding insects, such as aphids, whiteﬂies, and leafhoppers,
although some viruses are transmitted by beetles, nematodes,
mites, or plasmodiophorids. Insect-transmitted plant viruses can
be broadly categorized by the length of time they remain associ-
ated with their vector. Stylet- and foregut-borne viruses associate
transiently with the cuticle lining the stylet or foregut, and may
be transmissible for only hours or days after acquisition, respec-
tively. In contrast, circulative viruses are acquired into the insect
hemolymph, where they circulate until they reach salivary tis-
sues. Once acquired, circulative viruses remain associated with
D license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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heir vector for the remainder of the insect’s life. Unlike stylet- and
oregut-borne viruses, an extended feeding period is required for
oth the acquisition of circulative viruses from infected plant hosts
nd the inoculation of healthy hosts. Evidence shows that some
lant pathogenic viruses manipulate their host and/or vector to
romote vector behavior conducive to their transmission [1–3].
After entering a plant cell, the virus must uncoat and tran-
it to its replication site, which may  be the nucleus (for viruses
ith DNA genomes) or cytoplasmic membranes (for viruses with
NA genomes). With assistance from host proteins, viral pro-
eins and new viral genomes are produced. Progeny virions and
ibonucleoprotein complexes (RNPs; complexes of viral nucleic
cid and proteins, which are different from transmissible virions)
re assembled and translocated to plasmodesmata. For viruses with
ingle-stranded RNA genomes, formation of replication sites near
lasmodesmata is facilitated by interactions between viral move-
ent proteins (MPs) and plant synaptotagmin-family proteins,
hich create contact sites between the ER and plasma membranes
4]. Viral MPs  promote callose degradation in plasmodesmata to
acilitate passage of virions or RNPs into a neighboring cell [5],
here the process starts again. Viruses use the phloem to travel
o distal regions of the plant to achieve a systemic infection. The
ajority of circulative viruses infect only the phloem tissue during
 natural infection. Phloem tropism may  facilitate plant-to-plant
ransmission by phloem-feeding insect vectors [6]. Viruses must
lso evade host defenses and ensure an environment conducive to
heir replication. Often, infection results in the production of symp-
oms in plants, including chlorosis, necrosis, tissue proliferation,
hyllody, leaf curling, and other physiological changes, although
he selection pressures and underlying molecular mechanisms for
hese symptoms remain largely uncharacterized.
Host responses to viral infection can be broadly categorized
n two ways: compatible versus incompatible, or susceptible
ersus resistant. A compatible response results in successful virus
nfection, replication, and spread to other cells. An incompatible
esponse occurs when the virus is recognized by the host, result-
ng in the hypersensitive response (HR; localized programmed cell
eath), preventing virus spread [7–10]. Susceptibility and resis-
ance, in contrast, are deﬁned in terms of the ability of the virus to
ause disease in a given host. A susceptible reaction to a virus results
n disease—replication of the virus and production of symptoms by
he host. A resistant reaction does not result in the production of
ymptoms, but may  still permit viral replication if the host exhibits
olerance to the virus. In some cases, a host may  be said to be par-
ially resistant if the virus is able to cause a reduced level of disease
s compared to susceptible hosts of the virus. This review consid-
rs proteomic studies from the full spectrum of host responses:
olerant, partially resistant, and resistant.
Most publications in plant-virus proteomics use 2-dimensional
lectrophoresis or 2D difference in gel electrophoresis (2D DIGE)
o look for proteins or protein isoforms which are differentially
egulated during virus infection, although studies have also been
ublished that use shotgun proteomics, where the entire proteome
s digested with trypsin and analyzed by liquid chromatography
oupled to tandem mass spectrometry (LC–MS/MS). New advances
nclude characterization of virus–plant protein interactions using
o-immunoprecipitation coupled to LC–MS/MS. Structural pro-
eomics using chemical cross-linking has also been used to identify
egions in the viral capsid that regulate host–virus interactions [11].
n this review, we survey these proteomic data to discuss impacts
n plant health during virus infection and speculate on how selec-
ion has favored viruses to tap into these host pathways. For a
eview of common techniques in plant proteomics, their limita-
ions, and a summary of some previous literature in plant–virus
roteomic studies, see Ref. [12].lant Biology 5 (2016) 13–24
2. Manipulation of intracellular trafﬁcking
Plant viruses associate with a variety of subcellular structures
for replication and movement, including the endomembrane sys-
tem and the cytoskeleton. It is sometimes difﬁcult to separate
associations important for inter- and intra-cellular movement of
plant viruses from associations important for replication, as noted
by several recent reviews on the subject [13,14]. It is possible that
these two important aspects of the viral lifecycle are inextricably
linked in plant infections.
2.1. Endomembrane systems
RNA viruses, which make up the majority of plant pathogenic
viruses, replicate in the cytoplasm in concert with ER, vacuole,
chloroplast, peroxisome, or other membranes, which may be
recruited or remodeled to form inclusion bodies or complex struc-
tures [15–17]. Endomembrane systems are also important for
transport of some viruses and viral proteins.
Plant viral MPs  enable plant viruses to move from cell to cell
through specialized, ER-lined intercellular channels called plas-
modesmata. Understanding how plant viral MPs  function has been
a major focus of the plant virology ﬁeld for the past two decades. A
synaptotagmin-family protein (AtSYTA) was  found by yeast two-
hybrid to interact with the movement proteins of Cabbage leaf
curl virus (CaLCuV; Geminiviridae:  Begomovirus), Squash leaf curl
virus (SqLCV; Geminiviridae:  Begomovirus), and Tobacco mosaic virus
(TMV; Virgaviridae: Tobamovirus), and to be important for cell-to-
cell movement of CaLCuV and TMV  MPs  [18]. The native functions
of AtSYTA are regulation of endocytosis and formation of ER-plasma
membrane contact sites which support ER structure. Interestingly,
a Rab GTPase (also involved in membrane trafﬁcking) was found
in a separate study to be upregulated during TMV  infection [19].
Further studies with Turnip vein clearing virus (TVCV; Virgaviridae:
Tobamovirus) led to a paradigm-shifting model for MP function link-
ing viral replication, intercellular movement, and endomembrane
transport: TVCV MP  hijacks AtSYTA to remodel membrane con-
tact sites near plasmodesmata, where the virus forms replication
complexes and moves from cell-to-cell [4].
A recent publication by DeBlasio et al. [20] identiﬁed a num-
ber of proteins involved in clathrin-mediated endocytosis as
co-immunoprecipitating with the aphid-transmitted Potato leafroll
virus (PLRV; Luteoviridae: Polerovirus), and PLRV also directly inter-
acts with golgin and a dymeclin-like protein (DeBlasio et al., in
revision). PLRV has been previously observed by transmission
electron microscopy in cytoplasmic vesicles, which fuse with the
nucleus, mitochondria, vacuoles, and sites in the ER near plasmod-
esmata [21,22]. Although the function of these vesicles is unknown,
clathrin-mediated endocytosis is also thought to be used by PLRV
to trafﬁc across tissue barriers in aphids [23] and may  use these
pathways in their plant hosts as well. This possibility is supported
by the fact that the same viral capsid protein, a translational
readthrough product from the coat protein open reading frame
called the readthrough protein (RTP), is required for movement in
both plant hosts and aphid vectors.
Aside from the aforementioned, endomembrane and related
proteins tend to be identiﬁed only rarely in proteomic studies. This
may  be due to experimental bias—membrane proteins are often
poorly soluble and difﬁcult to extract with conventional protocols,
and may  be low in abundance to begin with—or simply because
viruses are able to hijack these pathways without altering the levels
or post-translational modiﬁcations of the relevant proteins. Such
proteins would not be easily identiﬁed in quantitative proteomics
studies looking at differential expression.
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.2. Cytoskeleton: microtubules
The cell cytoskeleton is a dynamic network of microtubules
nd microﬁlaments. Use of the cytoskeleton by viruses has been
stablished for a number of animal viruses; both directly, by inter-
ction of viral proteins with microtubules or microﬁlaments as
hey polymerize, or indirectly, by interaction with motor proteins
hat trafﬁc various cargo along the cytoskeleton [24,25]. The best-
tudied example of a similar association in a plant virus exists
or TMV  (for review: see Ref. [26]). TMV  forms replication com-
lexes of genomic RNA, MP,  and replication-associated proteins
t ER-plasma membrane contact sites as discussed in Section 2.1
4,18]. Multiple lines of evidence show an association between the
MV  MP  and microtubules [27–29], and a region of the TMV  MP
hows sequence similarity to tubulin [30]. However, the function
f this association is uncertain. Although some evidence suggests
hat the MP-microtubule association is important for intracellular
ovement of the replication complex [30–32], pharmacologi-
al disruption of microtubules does not inhibit TMV movement
33,34]. To wit, an MP  mutant which does not bind microtubules
till localizes strongly to plasmodesmata [33], suggesting that MP
unction at PD is not dependent on the microtubule network. It
as been suggested that microtubules actually function to promote
egradation of MP  by the proteasome [31,33,35,36]; however, fur-
her studies are necessary to conﬁrm this hypothesis. In addition to
he TMV  MP,  some evidence suggests that the MPs  of Tomato mosaic
irus Ob (ToMV; Virgaviridae: Tobamovirus) and Potato mop-top
irus (PMTV; Virgaviridae: Pomovirus)  also interact with micro-
ubules [35,37], and Grapevine fanleaf virus (GFLV; Secoviridae:
epovirus)  requires intact microtubules for cell–cell movement in
ome hosts [38]. Microtubule interactions are also important for
ransmission of Cauliﬂower mosaic virus (CaMV; Caulimoviridae:
aulimovirus), which forms inclusion bodies key for aphid acqui-
ition in a microtubule-dependent manner [39,40].
Several proteomic studies have found a link between other
irus species and microtubules: PLRV was recently reported to co-
mmunoprecipitate with tubulin [20], and -tubulin was  shown
o be upregulated in papaya leaves during infection with Papaya
eleira virus (PMeV; unclassiﬁed), as well as in grape berries
uring mixed infection with Grapevine leafroll-associated virus 1
GLRaV-1; Closteroviridae:  Ampelovirus), Grapevine virus A (GVA;
etaﬂexiviridae: Vitivirus), and Rupestris stem pitting-associated virus
RSPaV; Betaﬂexiviridae: Foveavirus)  [41,42]. Although the role of
icrotubules in infection with these viruses is yet unknown, their
dentiﬁcation is unsurprising given their importance for other
iverse virus species.
.3. Cytoskeleton: microﬁlaments
Ample evidence also exists for involvement of the other com-
onent of the cytoskeleton—actin microﬁlaments—in plant virus
ovement. The replication complexes of TMV  and Turnip mosaic
irus (TuMV; Potyviridae: Potyvirus) trafﬁc along microﬁlaments
43,44], TMV  MP  binds to microﬁlaments in vitro [29], and some evi-
ence suggests that intact microﬁlaments are required for cell–cell
ovement of TMV  and Potato virus X (PVX; Potyviridae: Potyvirus)
34,45]. Several other diverse viruses, including CaMV, PMTV, and
obacco etch virus (TEV; Potyviridae: Potyvirus) form granules or
ther small structures which trafﬁc along microﬁlaments [46–48].
nterestingly, impairing the ability of the MPs  of both TMV  and
aMV to sever microﬁlaments also prevents these proteins from
ffecting plasmodesmata pore size [49], suggesting that some viral
Ps  may  utilize the cytoskeleton for manipulation of plasmod-
smata. Although the mechanism by which this may  occur is
nknown, we can hypothesize that microﬁlaments may  be impor-
ant for MP  targeting of plasmodesmata, or that interfering withlant Biology 5 (2016) 13–24 15
the ability of MPs  to sever microﬁlaments also impairs the abil-
ity of these proteins to recruit callose-degrading enzymes. Motor
proteins that trafﬁc along microﬁlaments have also been shown
to be important for movement of some plant viruses. Silencing of
certain myosins inhibits the intercellular movement of TMV, and
movement-associated tubule formation in GFLV [45,50].
The frequency with which actin and related motor proteins have
been identiﬁed in plant virus proteomic studies underscores their
importance in viral movement. Levels of actin are increased in both
resistant and susceptible sugar beets six weeks after germination
in soils inoculated with Beet necrotic yellow vein virus (BNYVV;
Benyviridae: Benyvirus)  [51]. Infection of papaya with PMeV induces
an increase in one isoform of actin, but a decrease in another, as
well as a decrease in actin polymerizing factor [41]. Grapevines
co-infected with GLRaV-1, GVA, and RSPaV also show a decrease
in ﬁmbrin, a microﬁlament cross-linking protein, but an increase
in alpha actin [42], suggesting that cross-linked and free microﬁl-
aments may  play opposing roles in infection with these viruses.
Speciﬁc functions of ﬁmbrim have been understudied in plants,
but include formation of intestinal microvilli in vertebrates and
cytokinesis in yeast, among other functions [52–54]. PLRV was
found to co-immunoprecipitate with multiple actin and myosin
homologs in N. benthamiana [20], and a direct interaction with the
PLRV CP/RTP has been shown (DeBlasio et al., in revision). Although
the decrease in some actin isoforms and/or related proteins seen
in the infected papaya and grapevines may  seem counterintuitive
if microﬁlaments are used for virus transport, these plants were
in relatively late stages of infection, unlike many other proteomic
studies reviewed here. The decrease in actin and related proteins in
these plants may  have been related to decreased cell health rather
than a targeted effect of the viruses. It is also possible, given the
increase in tubulin in these plants, that viral trafﬁcking by these
species or during late infection uses primarily microtubules, rather
than microﬁlaments.
3. Manipulation of photosynthesis and primary
metabolism
3.1. Photosynthesis and carbon ﬁxation
Chlorosis and net reduction in photosynthesis are among the
most commonly observed symptoms of virus infection in plants.
It is unknown whether viruses directly manipulate the photosyn-
thetic machinery to promote a successful infection or whether the
impact on photosynthesis during infection is an indirect effect of
the virus. As several studies have also found photosynthetic pro-
teins in complex with viral particles, it is possible that virus proteins
themselves may  regulate photosynthesis, either directly or as part
of a complex of interacting proteins. It is also possible that down-
regulation of photosynthesis is partially an effect of damage done
to chloroplasts, directly or indirectly, by the virus, as infection with
a number of diverse viruses has been observed to alter chloroplast
structure, size, or number [55–58].
Photosynthesis is also tightly linked to the production of reactive
oxygen species (ROS), as chloroplasts are the primary site of ROS
production in plants (for review: see Refs. [59,60]). During photo-
synthesis, oxygen produced can be reduced by electrons passing
through the electron transport chain, forming superoxide. Under
normal conditions, superoxide and other ROS byproducts of pho-
tosynthesis are detoxiﬁed by ROS-scavenging enzymes; however,
under conditions of biotic or abiotic stress, or when photosynthesis
is perturbed, ROS may  be allowed to build up. These accumulated
ROS are important for defense and stress responses (see Section
5.1), but may  also damage organelles and cellular components. In
1 rrent P
c
s
e
i
c
c
i
s
ﬁ
d
i
g
r
w
[
f
h
s
p
g
p
t
v
t
b
U
b
P
e
s
t
R
c
t
e
t
p
C
r
s
o
t
t
i
t
o
c
s
t
p
v
p
b
i
h
S
i
s
l
i
s
R
I6 M.M. Alexander, M. Cilia / Cu
ases where HR is triggered, ROS are a key component of cell death
ignaling pathways.
The interplay between viruses and the photosynthetic machin-
ry, including ROS signaling, during infection is complex. During
nfection with some viruses, the decrease in net photosynthetic
apacity is due not to a decrease in proteins involved in light
apture, but rather an increase in amount or activity of proteins
nvolved in carbon ﬁxation [61,62], which may  contribute to chloro-
is by buildup of assimilates [63]. In other cases, however, carbon
xation acts as the rate-limiting step that inhibits photosynthesis
uring virus infection [62,64]. There is also evidence to support the
nvolvement of relative levels of the different proteins in the oxy-
en evolving complex as important in determining photosynthetic
ates during infection [65], which is supported by the frequency
ith which these proteins have been found in proteomic studies
20,41,51,66–75] (DeBlasio et al., under revision). Alterations in
erredoxin levels, also found in several proteomic studies reviewed
ere [20,66,69,72,76,77], have been shown to be associated with
ymptom development in TMV-infected plants [78].
Substantiating the ample literature linking viral infection to
hotosynthesis, photosynthetic proteins make up a major cate-
ory of virus-interacting or differentially regulated proteins in most
lant-virus proteomic studies. This is likely due both to photosyn-
hesis being commonly exploited (or altered) by plant pathogenic
iruses and to the relatively high abundance of photosynthetic pro-
eins in green tissues. A number of photosynthetic proteins have
een identiﬁed as co-purifying with Rice yellow mottle virus (RYMV;
nclassiﬁed: Sobemovirus), including: phosphoenolpyruvate car-
oxylase, a RuBisCO binding protein, the RuBisCO large subunit,
sbQ, PsbP, and subunits of ATP synthase [66]. Photosynthetic
nzymes, including a putative transketolase, components of ATP
ynthase, and ferredoxin NADP(H) oxidoreductase were also found
o co-purify with the RPV strain of Cereal yellow dwarf virus (CYDV-
PV; Luteoviridae: Luteovirus)  [76]. PLRV was recently shown to
o-immunoprecipitate with a number of proteins involved in pho-
osynthesis and gluconeogenesis, including the oxygen-evolving
nhancer proteins PsbP and PsbQ, proteins from both photosys-
em I and II, subunits of ATP synthase, multiple chlorophyll-binding
roteins, and transketolase [20], and a direct interaction with the
P/RTP could be demonstrated for PsbQ (DeBlasio et al., under
evision). A number of photosynthetic proteins were found exclu-
ively or were signiﬁcantly enriched in co-immunopuriﬁcations
f wild-type PLRV compared to a mutant form of PLRV lacking
he readthrough domain of the RTP (the minor structural pro-
ein), showing that the readthrough domain mediates protein
nteractions with the photosynthetic machinery. These interac-
ions may  lead to the development of chlorosis during infection
r suppression of host immune responses [79]. Finally, ORSV
o-immunoprecipitates with RuBisCO and related proteins, three
ubunits of photosystem I, and several proteins involved in pho-
orespiration [80].
CMV  infection has been shown to downregulate a subunit of
hotosystem II, PsbO, the large subunit of RuBisCO, RuBisCO acti-
ase, and carbonic anhydrase, as well as four proteins involved in
hotorespiration, and a plastidic aldolase [67]. Unexpectedly, grape
erries co-infected with GLRaV-1, GVA, and RSPaV show an increase
n a subunit of ATP synthase, although it is unknown if this trend
olds for leaves and other photosynthetically-active tissue [42].
imilarly Larson and colleagues [51] reported a relative increase
n levels of several members of the oxygen-evolving complex in
usceptible sugar beet roots, as well as an increase in the RuBisCO
arge subunit in both resistant and susceptible roots, during BNYVV
nfection. Mixed regulation of proteins related to photosynthe-
is and carbon ﬁxation was found in maize leaves infected with
ice black-streaked dwarf virus (RBSDV; Reoviridae:  Fijivirus) [81,82].
nfection of Nicotiana benthamiana with Pepper mild mottle viruslant Biology 5 (2016) 13–24
(PMMoV; Virgaviridae: Tobamovirus) caused a decrease in PsbP, but
not PsbO [68]. Changes speciﬁcally in chloroplastic protein levels
during infection of N. benthamiana with PMMoV  were assessed by
Pineda et al. [69], who  identiﬁed 16 down-regulated polypeptides,
including cytochrome F, ATP synthase, RuBisCO, and phosphoglyc-
erate kinase. Infection of papaya with PMeV decreases levels of
the small chain of RuBisCO, RuBisCO activase, a member of the
oxygen-evolving complex, and beta hydroxyacyl ACP dehydratase
[41]. Analysis of proteins responsive to Peanut stunt virus (PSV; Bro-
moviridae: Cucumovirus) infection found multiple proteins involved
in photosynthesis and gluconeogenesis to be differentially regu-
lated by the virus, its satellite RNA, or both [70], and the Calvin cycle
enzyme ribose-5-phosphate isomerase was  found to be downreg-
ulated during infection of tomato with TMV  [71]. Transketolase,
a Calvin cycle enzyme, was found to be upregulated during SCMV
infection of susceptible maize [77], and all but one isoform was  also
upregulated during infection of maize with RBSDV [81]. Differen-
tial regulation of ferredoxins, ATP synthase, Psb proteins, RuBisCO,
and other photosynthetic proteins was also shown during SCMV
infection of maize [72]. Several photosynthetic and carbon ﬁxa-
tion proteins are differentially regulated during Cymbidium mosaic
virus (CymMV; Alphaﬂexiviridae: Potexvirus)  and Ondontoglossum
ringspot virus (ORSV; Virgaviridae: Tobamovirus) infection of Pha-
laenopsis amabilis orchids, both in single and double infections
[73]. Mixed regulation of proteins important for photosynthesis,
carbon ﬁxation, and chlorophyll biosysnthesis was  shown during
Zucchini yellow mosaic virus (ZYMV; Potyviridae: Potyvirus) infection
of partially resistant zucchini [74]. Proteins important for carbon
ﬁxation, including ATP synthase and RuBisCO, were found to be
upregulated in a resistant cultivar of soybean during infection with
Soybean mosaic virus (SMV; Potyviridae: Potyvirus), although one
homolog of RuBisCO appeared downregulated [83]. A Psb protein,
subunits of ATP synthase, and a Calvin cycle enzyme are differ-
entially regulated during transient expression of the AC2 protein
from Tomato chlorotic mottle virus (ToCMoV; Geminiviridae:  Bego-
movirus) in N. benthamiana [75]. Photosynthetic and carbon ﬁxation
proteins are also differentially regulated during Mungbean yellow
mosaic India virus (MYMIV; Geminiviridae:  Begomovirus) infection
of Vigna mungo [84].
3.2. Carbon partitioning and metabolism
Proteomic studies show that the alteration of primary
metabolism in virus-infected plants is widespread and com-
plex, a ﬁnding substantiated by enzyme activity studies in
CMV-infected Cucurbita pepo L. two decades ago [85,86]. Mul-
tiple enzymes involved in carbon metabolism were found to
co-immunoprecipitate with PLRV [20], and to co-purify with CYDV-
RPV and RYMV [66,76]. One or more enzymes important for
carbon metabolism were found to be upregulated during infection
with TMV  and ORSV [71,73], but downregulated during infection
with CMV, PMMoV, PMeV, and CymMV  [41,67,69,73]. Differen-
tial regulation of carbon metabolic enzymes was observed during
infection with RBSDV, RYMV, SCMV, SMV, PSV, ZYMV, MYMIV,
and during triple infection of grapes with GLRaV-1, GVA, and
RSPaV [42,70,72,74,77,81–83,87,88]. All differentially regulated
carbon metabolic enzymes were decreased during infection with
RBSDV, except for glyceraldehyde-3-phosphate (GAPDH), which
was increased [81]. Phosphoglycerate kinase was  downregulated
in skin of grape berries co-infected with GLRaV-1, GVA, and RSPaV,
but upregulated in in infected fruit pulp [42]. These data highlight
the importance of tissue choice when performing and interpreting
proteomic studies, as virus infection may  have different effects even
in tissues in proximity to one another. Such differences may also
be observed in resistant vs. susceptible hosts: GAPDH levels were
increased during RYMV infection of resistant rice, but unchanged
rrent P
i
c
r
d
G
e
w
w
a
i
c
ﬁ
s
t
a
l
b
d
f
a
o
o
b
l
T
i
p
o
s
m
A
t
R
f
t
s
t
v
v
c
v
o
ﬁ
p
l
m
a
o
4
b
a
w
p
[
a
r
a
u
[M.M. Alexander, M. Cilia / Cu
n susceptible rice; whereas aldolase levels were increased in sus-
eptible rice but unchanged in resistant [88]. Most differentially
egulated carbon metabolic enzymes in SCMV-infected maize were
ownregulated during infection of a susceptible cultivar, although
APDH was increased in the resistant cultivar [77]. GAPDH lev-
ls were decreased during infection of a resistant soybean cultivar
ith SMV, while NADPH-speciﬁc isocitrate dehydrogenase levels
ere increased [83]. Changes in several carbon metabolic enzymes
re induced by transient expression of the ToCMoV AC2 protein
n N. benthamiana [75]. It is important to note here that many
arbon metabolic enzymes are common to glycolysis and carbon
xation/gluconeogenesis; without further information it is not pos-
ible to say which process is being targeted by viral infection. Viral
argets in these pathways may  vary by virus species, host species
nd cultivar, infection time point, and plant age. These variables
ikely account for some of the proteome variation observed in car-
on metabolic enzymes during infection. However, these proteome
ata paint a compelling picture that carbon metabolism is a key hub
or viral manipulation during infection.
A number of plant-pathogenic viruses are known to also have
n effect on carbon partitioning and allocation or phloem biol-
gy/physiology. Some plant pathogenic viruses cause damage to
r blockage of phloem [89]. Many plant pathogenic viruses have
een observed to cause an alteration in starch content of infected
eaves [57,61,89–91] or roots [92]. Transgenic expression of the
MV  MP  has been shown to increase sugar and starch content
n source leaves by preventing export to phloem, and decreases
lant biomass allocated to roots [93,94]. Interestingly, the effect
f the MP  on biomass partitioning has been shown by mutational
tudies to be independent of the ability of the MP to affect plas-
odesmata pore size [93,95]. The starch biosynthetic enzymes
DP/UDP-glucose pyrophosphorylase have been found by pro-
eomic studies to be upregulated during infection of maize with
BSDV [81,82] and infection of tomato with TMV  [71], and RYMV
rom both resistant and infected rice plants co-puriﬁes with a puta-
ive 4-alpha glucanotransferase (an enzyme involved in starch and
ucrose metabolism) [66].
Manipulation of carbon metabolism, partitioning, and alloca-
ion may  occur due to direct manipulation of involved proteins by
iruses, or indirect effects of virus infection. In the case of insect-
ectored viruses, we can hypothesize that alterations in carbon
ontent may  increase attractiveness of infected plants to insect
ectors, encourage them to feed for a longer or shorter amount
f time (depending on the vectoring strategy), or improve vector
tness. Changes to carbon partitioning may  also have effects on
hotosynthesis if photoassimilates are allowed to build up. Simi-
ar to insect-vectored human diseases, plant viruses are known to
anipulate the behavior of their vectors to their advantage, both by
ffecting the biology of diseased hosts and by altering the behavior
f viruliferous insects [1–3].
. Manipulation of amino acid metabolism
Metabolic changes during virus infection are not limited to car-
on metabolism. Multiple studies point to an increase in amino
cid metabolism in virus-infected plants. During infection of squash
ith Squash mosaic virus (SqMV; Secoviridae: Comovirus), chloro-
lastic amino acid biosynthesis has been shown to be increased
56], and TRV infection was shown to cause an increase in leaf
mino acid content [96]. Analysis of combined microarray data
evealed that amine biosynthetic processes and processes related to
romatic amino acid metabolism are overrepresented in the upreg-
lated category during infection of plants with compatible viruses
97].lant Biology 5 (2016) 13–24 17
Amino acid biosynthetic enzymes and proteins involved in
protein transport were found as part of a major network of
proteins, centering around the 14-3-3 protein GRF2, found co-
immunoprecipitating with PLRV [20]. Multiple members of the
glycine cleavage system, a group of four proteins which degrade
excess glycine, co-immunoprecipitate or co-purify with PLRV,
RYMV, and CYDV-RPV [20,66,76], and glycine dehydrogenase is
upregulated during PMeV infection [41]. Aminotransferases also
co-immunoprecipitate or co-purify with PLRV, RYMV, and ORSV
[20,66,80], and a subunit of isopropyl malate isomerase (part of
the leucine biosynthesis pathway) co-immunoprecipitates with
ORSV coat protein [80]. Phosphoglycerate dehydrogenase, another
amino acid biosynthetic enzyme, was found to be upregulated in
a susceptible rice cultivar during infection with RYMV [88], as
well as in a resistant maize cultivar during SCMV infection [77];
and methionine synthase and ornithine carbamoyltransferase lev-
els are increased during papaya infection with PMeV [41]. Serine
hydroxymethyltransferase was  found to be upregulated during
MNSV-1 infection, and fumarylacetoacetate hydrolase, an enzyme
important for tyrosine degradation, was  downregulated [98]. Three
enzymes involved in amino acid biosynthesis are upregulated dur-
ing RBSDV infection [82]. In contrast to data showing an increase
in amino acid content during virus infection, amino acid biosyn-
thetic enzymes are also sometimes found to be downregulated in
proteomic studies: Aminotransferases are downregulated during
infection of maize with RBSDV or SCMV (susceptible cultivar only)
[77,81]. Glutamine synthase is downregulated during PMeV infec-
tion, and cysteine synthase is downregulated during both PMeV and
RBSDV infection [41,81]. This seemingly contradictory ﬁnding may
be unique to these particular virus-host combinations or infection
stages. Additionally, the RBSDV and PMeV studies were both per-
formed on infected plants from ﬁeld trials. Although both studies
used uninfected plants from the same ﬁeld as controls, it is still pos-
sible that unseen biotic or abiotic stresses may  have had different
effects on infected versus uninfected plants.
Increased amino acid biosynthesis may  serve simply to provide
amino acids for synthesis of viral proteins during replication. Alter-
natively, there is signiﬁcant emerging evidence for modulation of
defense responses to a broad spectrum of plant pathogens by amino
acid homeostasis (for review: see Ref. [99]). Although most related
studies focus on resistance to bacterial, fungal, and oomycete
pathogens, many of the demonstrated downstream effects of per-
turbing amino acid homeostasis could certainly function in defense
against viruses. For viruses transmitted by insects, it is also possi-
ble that manipulation of amino acid metabolism is related to host
manipulation to improve attractiveness, nutrition, or palatability
for insect vectors.
5. Manipulation of stress-responsive proteins
5.1. Reactive oxygen species
ROS and ROS-scavenging enzymes are an important part of
plant response to both biotic and abiotic stress. ROS can partic-
ipate in defensive signaling, act as a local microbicide, or assist
in strengthening of cell walls. The most common enzymes impli-
cated in generation of ROS during pathogen defense are peroxidases
[100]. However, the highly reactive nature of ROS means that
they can also be harmful to host cell molecules, membranes,
and proteins. Chlorotic symptoms of virus infection have been
proposed to be due, in full or part, to damage done to chloro-
phyll and/or chloroplasts by ROS [101]. To control ROS levels,
ROS-scavenging enzymes, such as superoxide dismutases (SOD),
catalases, peroxidases, and thioredoxins, detoxify hydrogen perox-
ide and superoxide anions.
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Direct or indirect interactions of virions with ROS-scavenging
nd related enzymes have been shown for multiple species. Brizard
t al. [66] found that SOD and four peroxidases co-purify with
iruses from both RYMV resistant and susceptible rice, whereas
 peroxidase co-puriﬁes only with virus from resistant plants, and
 peroxiredoxin puriﬁes only with virus from susceptible plants.
LRV co-immunoprecipitates with at least one member of each
ajor class of ROS-scavenging enzymes [20], and directly inter-
cts with a peroxidase (DeBlasio et al., under revision), and the
elated Cucurbit aphid-borne yellows virus (CABYV; Luteoviridae:
olerovirus) was shown to bind to a peroxidase by far western [102].
nfection with SMV, RYMV, RBSDV, or CMV, causes an increase in
ne or more ROS-scavenging enzymes [67,81,83,88], although a
econd study instead found mixed differential regulation of ROS-
cavenging enzymes during RBSDV infection [82]. Levels of two
atalase isozymes are altered during ZYMV infection [74]. A per-
xidase was found to be present at greater levels in leaves infected
ith an HR-causing strain of PMMoV  than leaves infected with a
on-HR-causing strain, and was absent in uninfected plants [103]. A
omparison of the proteome in resistant versus susceptible maize
ultivars infected with SCMV found a SOD to be downregulated
n the susceptible cultivar, but a peroxiredoxin and a peroxidase
o be upregulated in the resistant cultivar [77]. A similar study in
NYVV-infected beets found a SOD to be upregulated in the suscep-
ible cultivar, and a peroxidase to be upregulated in both resistant
nd susceptible cultivars, as compared to the uninfected controls
51]; and, two peroxiredoxins were found to be upregulated during
YMIV infection of a resistant V. mungo cultivar, but not a sus-
eptible [87]. A comparison of infected, but asymptomatic tomato
ruits to uninfected tomato fruits showed mixed changes in regula-
ion of four peroxidases [71]. During ZYMV infection of a resistant
ucchini cultivar, peroxiredoxin levels are increased, but thiore-
oxin and superoxide dismutase levels are decreased [77]. During
MeV infection of papaya, catalase levels are decreased in leaves,
ut levels of a peroxidase and a peroxiredoxin are increased [41].
NSV-1 infection causes an alteration in levels of two isoforms of
hospholipid hydroperoxide glutathione peroxidase in phloem sap
98].
.2. Chaperones and related proteins
Heat shock proteins (HSPs), are a class of chaperone proteins
hich aid in proper folding of other proteins, either after they
re synthesized, or during stress conditions which promote pro-
ein misfolding [104]. Chaperones are broadly important for cell
unction under normal conditions as well as conditions of biotic
nd abiotic stress, and many are conserved across eukaryotes
nd prokaryotes. HSPs are classiﬁed into ﬁve major families: the
sp70, or DnaK, family; the Hsp60, or chaperonin/GroEL family; the
sp100, or Clp, family; the Hsp90 family; and the small Hsp (sHsp)
amily (for review: see Ref. [85]). In addition to their role in protein
olding, chaperonins are also important for intercellular trafﬁcking
f transcription factors in plants [104]. Although not always clas-
iﬁed as chaperones, some other proteins also perform functions
n protein folding, including protein disulﬁde isomerases, calretic-
lins, calnexins, and lectins [105]. In recent years, the importance of
SPs and their co-chaperones in plant innate immunity has come to
ight (for review: see Refs. [106–108]). However, HSPs serve addi-
ional roles in plant-virus interactions. Host cell HSPs have been
hown to be important factors in virus movement, folding of viral
roteins, assembly of RNA replication complexes, and other func-
ions in viral infection (for review: see Ref. [109]). Additionally, Beet
ellows virus (BYV; Closteroviridae:  Closterovirus) encodes a 65 kDa
rotein which is homologous to Hsp70, which seems to function
n assembly, intracellular movement, and interactions with the
ytoskeleton [110–116].lant Biology 5 (2016) 13–24
Chaperones and related proteins are frequently identiﬁed
in plant-virus proteomic studies. Four Hsp70 homologs were
found to co-purify with RYMV, and four were also found to co-
immunoprecipitate with PLRV [20,66]. Levels of an Hsp70 homolog
are increased during infection of a susceptible rice cultivar with
RYMV [88], decreased during infection of papaya with PMeV
[41], and are detectable in CMV-infected (but not control) melon
phloem sap [117]. An Hsp90 homolog was found to co-purify
with RYMV from both resistant and susceptible rice [66]. Direct
interaction was  shown between PLRV CP/RTP and a luminal bind-
ing protein HSP (DeBlasio et al., under revision), and two Hsp90s
were found to co-immunoprecipitate with PLRV [20]. sHsps also
co-immunoprecipitate with PLRV [20], and two  sHsps are upreg-
ulated in resistant rice during RYMV infection [88]. Calreticulin
was found to co-purify with RYMV from resistant rice [66] and
to co-immunoprecipitate with PLRV [20], and is upregulated dur-
ing infection with SMV  [83] and infection with PMeV [41]. Three
HSPs and a heat shock factor have been shown to interact with PVX
stem loop 1 RNAs, indicating that PVX may  have one or more HSP-
responsive elements in its promoter(s) [118]. Other chaperonins
were found to co-purify with RYMV [66] or co-immunoprecipitate
with PLRV [20]. A TCP-1/cpn60 family chaperonin and two  other
chaperonins were found to be upregulated during SCMV infection
of maize [77]. A 20 kDa chaperonin was  upregulated during TMV
infection of a partially tolerant cultivar [71] and was upregulated
during transient expression of the AC2 protein from ToCMoV [75],
and a chaperonin 60 is differentially regulated during MYMIV  infec-
tion of resistant and susceptible cultivars of V. mungo [87].
5.3. Stress response and pathogen defense
Viruses, like other pathogens, trigger a number of inducible
basal defense responses when recognized by plants, including the
upregulation of a number of common defensive proteins. These
proteins have broad functions, including beta-1,3-glucanases, chiti-
nases, peroxidases (discussed above), defensins, and a number of
proteins with poorly-understood functions. Some defensive pro-
teins have been classiﬁed as pathogenesis-response (PR) proteins,
which are typically small, protease-resistant proteins that are
induced during pathogen attack (for review: see Refs. [119,120]).
Defensive proteins, including PR proteins, have been shown to
contribute to resistance against many diverse plant pathogens,
including viruses.
Beta-1,3-glucanases/PR-2 proteins hydrolyze callose, and are
hypothesized to function in pathogen defense primarily by regulat-
ing the size of plasmodesmal openings [121]. A beta-1,3-glucanase
was found to co-immunoprecipitate with PLRV from N. ben-
thamiana [20]. In a survey of PR proteins during compatible
and incompatible interactions of PMMoV  with hot pepper, two
beta-1,3-glucanases were shown to be upregulated during both
compatible and incompatible infections, while a third was only
detectable during the incompatible reaction [103]. Beta-1,3-
glucanase was  also upregulated during CMV  infection of both
susceptible and transgenic resistant tomato [67], in asymptomatic
tomato fruits during TMV  infection [71], and during RBSDV infec-
tion of rice [82].
Chitinases, enzymes which break down chitin, are also classiﬁed
as defensive proteins. The PR-3, 4, 8, and 11 classes all con-
tain proteins with chitinase activity. Although chitinases function
in defense against fungi and insects, proteomic studies revealed
they are also differentially regulated during viral infection. In the
aforementioned study by Elvira et al. [103], four chitinases were
upregulated during both compatible and incompatible PMMoV
infection, of which two  were upregulated to a greater degree in
the incompatible reaction Infection of papaya with PMeV upreg-
ulated one chitinase but downregulated another [41]. A chitinase
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as found to downregulated in the bark of Citrus sudden death-
ssociated virus (CSDaV; Tymoviridae: Maraﬁvirus) infected citrus
f a susceptible cultivar, but not a tolerant cultivar [122], and a
hitinase was also downregulated in asymptomatic TMV-infected
omato fruits [71]. Chitinases are upregulated during RBSDV infec-
ion of rice [82] and a chitinase is upregulated during transient
xpression of the ToCMoV AC2 protein [75]. While differential reg-
lation of chitinases during viral infection could be due to triggering
f non-speciﬁc defense responses, a class III chitinase co-puriﬁed
ith RYMV from a susceptible rice cultivar, and a different putative
hitinase co-puriﬁed with RYMV when a resistant cultivar was  used
nstead [66]. Simple induction of basal defense does not explain
hy different chitinases would be induced during resistant versus
usceptible responses, indicating that a more nuanced explanation
s needed.
The PR-5 class of proteins contains thaumatins, a class of pro-
eins with antifungal properties [123] which are also associated
ith osmotic stress. Although no role for these proteins in viral
nfection has yet been identiﬁed, it is possible that an undiscov-
red function exists, or that there is overlap between antiviral and
ntifungal signaling or defense pathways in plants. Two  thaumatins
ere found to co-immunoprecipitate with PLRV [20], and a thau-
atin was found to be upregulated in the apoplast of Plum pox virus
PPV; Potyviridae: Potyvirus) infected peach cells [124]. A thaumatin
as also found to be upregulated during infection of Capsicum chi-
ense with an incompatible, but not a compatible, strain of PMMoV
103], and during RBSDV infection of rice [82,48].
Oxalate oxidase (PR-15) and germin-like proteins (GLPs; PR-
6) have well-established roles in defense against a spectrum of
lant pathogens. Both classes are part of the cupin superfamily
f proteins, and bear homology to one another; however, oxalate
xidase is believed to be cereal-speciﬁc and catalyzes the degrada-
ion of oxalate to hydrogen peroxide, whereas GLPs are ubiquitous
n plants and perform other functions, many of which are poorly
nderstood [125]. Although no oxalate oxidases have been con-
rmed outside of cereal species, Rodrigues et al. [41] reports a
utative oxalate oxidase in papaya which is downregulated during
nfection with PMeV, a ﬁnding which is supported by the observa-
ion of calcium oxalate crystals correlating with ROS production in
atex [126]. A GLP was found to be upregulated in the roots of a resis-
ant variety of sugar beet during BNYVV infection [51], and GLPs
ere downregulated during PMMoV, CMV, and SCMV infection
67,77,103]. A 24 k GLP was also found to co-immunoprecipitate
ith PLRV [20], showing that these proteins may  function in com-
lex with viruses.
Other PR proteins were found less frequently in proteomic stud-
es, a trend which could be due to low abundance of these proteins
ather than diminished importance in viral pathosystems. A PR-10
ibonuclease was found to be upregulated in a susceptible, but not
 resistant, rice cultivar during RYMV infection [88]. Defensin/PR-
2 was found co-immunoprecipitating with PLRV [20], and is
pregulated in a resistant cultivar during SCMV infection [77].
he functions of proteins in the PR-1 and PR-17 families are yet
nknown, but a PR-1 was found to be upregulated during infection
f C. chinense with an incompatible strain of PMMoV, and a PR-
7 protein was shown to be enriched during infection with both
he compatible and incompatible strain [103]. The PR-6 and PR-7
lasses encode proteinase inhibitors and endoproteinases, respec-
ively, and will be covered in section 7, below.
Although not strictly defensive, 14-3-3-like proteins were also
ound in a signiﬁcant number of proteomic studies. 14-3-3 proteins
re ubiquitous in eukaryotes and are involved in signal transduction
athways related to environmental response, defense, response
o light, brassinosteroid signaling, legume nodulation, and many
thers ([127,128] and for review: see Refs. [129,130]). Many 14-
-3 proteins regulate enzymes important for carbon and nitrogenlant Biology 5 (2016) 13–24 19
metabolism, making them prime targets for manipulation of host
primary metabolism [131]. Six 14-3-3 proteins form protein com-
plexes with PLRV from N. benthamiana [20]. A putative 14-3-3
protein co-puriﬁes with RYMV in a susceptible cultivar [66], and a
14-3-3 protein interacts with PVX stem loop 1 RNAs [118]. In a study
of differential regulation of nuclear proteins during TMV  infection
of Capsicum annuum L., a 14-3-3 protein was  shown to be upregu-
lated during infection [19], suggesting a role for 14-3-3 proteins in
transcriptional responses that occur during viral infection.
Glutathione-S-transferases (GSTs) are stress-responsive pro-
teins that perform a number of functions, including sequestration
of toxins, mitigation of oxidative stress, and possibly hormone
response [132]. A GST was  found to co-immunoprecipitate with
PLRV [20], and to co-purify with RYMV from resistant rice [66]. At
least one GST was  found to be upregulated during infection with
TMV  and PMeV [41,71], as well as during infection of resistant
sugar beet roots with BNYVV [51] and during infection of sus-
ceptible maize seedlings with SCMV [77]. In older maize plants,
different GST isoforms were downregulated in resistant and sus-
ceptible maize cultivars [72], and long-term RBSDV infection of rice
induced an increase in a GST [82].
A number of other defense-related or stress-responsive proteins
were also found to be targeted during virus infection, including
dehydrin [88], unknown salt-stress induced proteins [66,88], the R-
protein RPS2 [81], cinnamoyl CoA reductase CCR2 [73], and cystatin
[51]. This is by no means an exhaustive list, as there are a stagger-
ing number of defense-related proteins in plants, but a sample to
provide an idea of the diversity of defense responses triggered or
manipulated during viral infection.
6. Manipulation of cell wall biogenesis and metabolism
Proteome studies show that the cell wall is a target of
plant viruses during infection. Callase and callose synthase were
found to be upregulated during transient expression of the
ToCMoV AC2 protein [75]. Xyloglucan endo-transglycosylase,
an enzyme involved in xyloglucan (a type of hemicellulose)
metabolism, was found to be upregulated during infection
of papaya with PMeV [41], and two putative xyloglucan
endo-transglycosylases co-immunoprecipitate with PLRV [20].
Xyloglucan endo-transglycosylases are important for degradation
of hemicellulose associated with loosening of the cell wall during
growth, and are also believed to be important for fruit ripening
and abscission (for review: see Ref. [133]). Despite these ﬁnd-
ings, enzymes involved in cell wall biogenesis, metabolism, and
modiﬁcation represent a minor category in plant-virus proteomic
studies. This is likely due in large part to experimental bias, as
apoplastic proteins are difﬁcult to extract even using specialized
techniques (for review: Ref. [134]; examples: see Refs. [135,136]),
and are therefore likely to be undersampled. That this category of
enzymes is also found infrequently in proteomic studies of bacterial
pathogens of plants further substantiates this theory [137]. Addi-
tionally, the overwhelming majority of proteomic studies reviewed
here are performed in leaf tissue. It is possible that cell wall modi-
ﬁcation is generally less important for viral pathogenesis in leaves
than it is in fruits, roots, or other tissues. As per the details in Section
5.3, beta-1,3-glucanases, which hydrolyze callose, are commonly
found to be differentially regulated during virus infection. Unlike
most other cell-wall modifying proteins, beta-1,3-glucanases are
often cytoplasmic, exempting them from the aforementioned dif-
ﬁculties [121]. Callase and callose synthase were also found to be
upregulated during transient expression of the ToCMoV AC2 pro-
tein [75]
Lignin is actually the name for any of the many aromatic poly-
mers which are important for cell wall rigidity and resistance
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gainst degradation by pathogens [138]. Several enzymes involved
n lignin biosynthesis are highlighted in plant-virus proteomic
tudies: larreatricin hydroxylase was found to be downregulated,
hen upregulated at a later time point, during infection of beet
oots with BNYVV [51]; cinnamyl alcohol dehydrogenase is upreg-
lated during SCMV infection of a resistant maize cultivar [77],
s well as during RBSDV infection of maize [81]; and caffeic acid
-O-methyltransferase is also upregulated during RBSDV infection.
Pectin forms a gel-like polysaccharide matrix in cell walls,
nd has been shown to be important for plant growth and
evelopment, defense, cell–cell adhesion, wall porosity, and a
ariety of other functions. Its structure is highly complex, and
ts biosynthesis involves a multitude of enzymes, mainly trans-
erases (for review: see Ref. [139]), making it difﬁcult to pinpoint
hether its biosynthesis is affected by virus infection. However,
ectin methylesterases, which catalyze the demethylesteriﬁca-
ion of pectin, have been found in two proteomic studies: pectin
ethylesterase co-immunopuriﬁes with PLRV [20]; and was  found
o be upregulated during GLRaV-1/GVA/RSPaV triple infection of
rape berries [42]. Pectin methylesterases are involved in cell wall
emodeling, and their expression has been shown to be correlated
ith a variety of biotic and abiotic stresses. Additionally, the inter-
ction of pectin methylesterases with the TMV  MP  is required for
ell–cell movement of TMV  [140].
Several other proteins involved in cell wall metabolism or
odiﬁcation have been found more rarely in proteomic studies.
 putative exoglucanase precursor (a cellulase) co-puriﬁes with
YMV from both resistant and susceptible rice cultivars [66], and
n expansin co-immunoprecipitates with PLRV [20].
An understanding of the impact of viral infection on the cell wall
s important not only in agricultural systems, but in biofuel crops
s well. In particular, biofuel crop breeders aim to reduce lignin
ontent, increase biomass, and increase growth rate. However, evi-
ence in switchgrass suggests that these changes may  also result in
n increased susceptibility to insect-vectored viruses [141]. Highly-
elected modern switchgrass cultivars were more susceptible to
arley and Cereal yellow dwarf viruses than near-wild cultivars, both
n greenhouse and ﬁeld studies. This study highlights the need for
uture research in to consider cell wall proteome effects on disease
usceptibility when breeding crops for biofuel, particularly as many
f these species are perennial and could act as long-term reservoirs
or viruses.
. Manipulation of translation, protein processing, and
rotein degradation
The ﬁnal category of interacting or differentially regulated pro-
eins to be discussed in this review is that of peptide metabolism.
ne or more ribosomal proteins co-purify with RYMV [66] and
YDV-RPV [76], or co-immunoprecipitate or directly interact with
LRV [20] (DeBlasio et al., under revision). One or more riboso-
al  proteins are also differentially regulated during infection with
MV, SCMV, RYMV, PMeV, PMMoV, RBSDV, BNYVV, and MYMIV,
nd during transient expression of the ToCMoV AC2 protein
41,51,69,72,77,81,83,87,88]. Translation initiation and elongation
actors, which are also co-opted by viruses for production of viral
roteins, are differentially regulated during infection with SCMV,
YMV, PMeV, RBSDV, and MYMIV  [41,77,81,82,87,88]. An elonga-
ion factor and a ribosomal protein were shown to interact with
tem loop 1 RNAs from PVX [118]. One translation elongation factor
o-puriﬁes with RYMV from a resistant rice cultivar [66], and nearly
0 elongation or initiation factors co-immunoprecipitate with PLRV
20], at least one of which directly interacts with the CP/RTP (DeBla-
io et al., under revision). Given the importance of protein synthesis
or viral replication, and the strict dependence of viruses on hostlant Biology 5 (2016) 13–24
machinery for this process, it is unsurprising that related proteins
are so frequently differentially regulated.
The abundant differential regulation of proteases and related
proteins and protease inhibitors during viral infection highlights
the molecular tug-of-war between host and virus that occurs dur-
ing infection. A ubiquitin-like protein was  found to be upregulated
during RYMV infection of a susceptible rice cultivar, while another
was downregulated during infection of a resistant cultivar [88].
Ubiquitin fusion protein is upregulated in resistant beet roots dur-
ing BNYVV infection [51], in tomato during TMV  infection [19],
and in rice during long-term RBSDV infection [82]. A ubiquitin
fusion protein was also found to co-immunoprecipitate with PLRV,
as did an E3 ubiquitin ligase [20], which interacts directly with
the PLRV CP/RTP (DeBlasio et al., under revision). An E1 ubiquitin-
activating enzyme was  found to bind to bind in vitro to RYMV [66].
One or more subunits of the proteasome co-immunoprecipitate or
co-purify with RYMV or PLRV, respectively [20,66], and are differ-
entially regulated during infection with SMV, PMeV, RBSDV, TMV,
GLRaV-1/GVA/RSPaV, ZYMV, and MNSV-1 [19,41,42,74,81,83,98].
Assorted proteases are differentially regulated during infection
with SMV, PMeV, RBSDV, CMV, TMV, and in latex of PMeV-infected
papaya [41,67,71,81–83,142]; co-purify with RYMV, CYDV-RPV,
and ORMV [66,76,143]; and co-immunoprecipitate with PLRV [20].
Finally, putative protease inhibitors co-purify with RYMV [66], and
are upregulated in leaves during PMeV infection [41]. A serine pro-
tease inhibitor is downregulated in latex sap of papaya during PMeV
infection [142], but upregulated in phloem sap of melon during
MNSV-1 infection [98]. A cystatin is upregulated in resistant sugar
beet roots during BNYVV infection [51], and a trypsin inhibitor
co-immunoprecipitates with ORSV CP [80].
8. Problems, pitfalls, and future directions
Differential regulation of proteins during viral infection is com-
plex, and likely varies according to virus species and strain, host
species and cultivar, infection stage, plant age, tissue, cellular
compartment, and environmental conditions. In many cases, two
homologs of the same protein will be regulated in different direc-
tions during infection with different viruses, in different hosts, or
at different time points, and it is not unusual for two homologous
proteins to be found to be regulated in opposite directions even in
the same study at the same time point. This makes it extremely
difﬁcult to establish speciﬁc directional trends in proteins, protein
classes, or pathways which are altered or exploited—for example,
while we  can certainly say that peroxidases are often differentially
regulated during virus infection, it is much harder to make a gener-
alization about the direction of their regulation, or even to identify
the general set of conditions under which they are up or down
regulated.
It is nonetheless clear that virus infection generally has large
effects on core plant metabolism, including photosynthesis and
carbon and amino acid metabolism. Some of these effects may be
collateral damage as a result of general stress and defense responses
during infection; however, as multiple virus species have been
shown to interact directly or indirectly with metabolic proteins, it is
likely that this regulation has been selected due to beneﬁts obtained
by the virus during infection or by the plant during the anti-viral
defense response, to at least some extent. As viruses are entirely
dependent on their hosts for replication, it is likely advantageous
for the virus to utilize vital enzymes for its own  life cycle whenever
possible, as these host proteins cannot be easily deleted or mutated
during the host-pathogen arms race. Additionally, the manipula-
tion of core metabolism by insect-vectored viruses may  occur as
part of the host manipulation hypothesis [1,3], to enhance virus
transmission to new hosts. Although plant anti-viral defense path-
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ays only overlap with defense pathways against other pathogens
o a limited extent, viral infection nonetheless has an inﬂuence
n many proteins involved in biotic and abiotic stress responses.
t is likely that a portion of these effects can be attributed to a
asal defense response; however, some PR proteins, including HSPs
nd beta-1,3-glucanases, have well-studied roles in viral infection.
oth proteomic and other studies highlight the importance of the
ytoskeleton during viral infection, particularly for movement and
ormation of replication sites; yet, even in model systems there is
till some debate about the precise role of each cytoskeletal compo-
ent. Undoubtedly this is an area where signiﬁcant advances will
e made in the coming years. It is also likely that, as proteomics
echnologies continue to improve, further light will be shed on the
ffects of viral infection on proteins that are low in abundance or
ifﬁcult to extract, which tend to be identiﬁed less frequently in
urrent proteome approaches that rely on a relatively high thresh-
ld of abundance in protein extractions for detection.
The use of mass spectrometry for protein identiﬁcation requires
 well-annotated database for the host species of interest, which is
ot available for many plant species. In most cases this issue is
olved by the use of a database from one or more related species;
owever, a database which more nearly approximates the actual
ossible proteins present in a sample will certainly improve the
umber and accuracy of protein identiﬁcations. One possible solu-
ion is to bypass genome sequencing and instead perform RNA-seq
nder the conditions of interest, as proteomic studies do not require
ny information about untranscribed regions of the genome. Recent
ork has shown that protein identiﬁcation can be achieved using
 transcriptome for searching, which is much faster and easier to
btain than a fully annotated genome [144]. An additional issue is
he lack of annotation or known function for a not-insigniﬁcant pro-
ortion of proteins in any database, as “hypothetical proteins” and
roteins with “unknown function” were identiﬁed as differentially
egulated in a number of proteomic experiments reviewed here. A
east two-hybrid study using the CaMV movement protein as bait
not included in this review) could not ﬁnd signiﬁcant structural
omology for any of the three protein interaction partners dis-
overed [145]. Structural information, including post-translational
odiﬁcations, composition of oligomers, enzymatic active sites,
nd the three-dimensional structure of proteins, is also important
o understand the proteome.
Another consideration for proteomics studies is choice of tissue.
lthough plant roots and fruit can be a major site of viral dam-
ge and/or replication, only three reviewed papers included one of
hese tissues [42,51,71]. Most experiments in this ﬁeld have focused
n leaf tissue, which, while informative, may  be biased toward pho-
osynthetic and related proteins due to their abundance relative to
ther proteins. In some cases, however, performing proteomics on
ther tissues may  present unique challenges: some tissues are dif-
cult to harvest in sufﬁcient quantity, difﬁcult to clean (i.e., of soil)
r to grind, or are enriched in proteins or other compounds that
omplicate extraction or downstream sample preparation (protein
igestion, sample clean-up, etc). These challenges are surmount-
ble with careful planning and alteration of protocols [146,147].
s the ﬁeld of plant virology advances, it will become increasingly
mportant to move beyond the use of model systems and easy tis-
ues to assess what occurs in the hosts and tissues that are most
mportant for each pathosystem.
The overwhelming majority of publications in plant-virus
roteomics use 2-dimensional electrophoresis or 2-dimensional
uorescence difference gel electrophoresis (2D DIGE) or, more
arely, mass spectrometry and spectral counting for protein quan-
iﬁcation. Both of these approaches search for differences in the
uantity of particular proteins or protein isoforms between treat-
ents (i.e., infected vs. healthy). While these studies can be
ery informative, they do not necessarily account for proteins forlant Biology 5 (2016) 13–24 21
which viral infection changes their subcellular localization, struc-
ture, post-translational modiﬁcations, or simply co-opts them for
their own purposes. For example, viral remodeling of the host
cytoskeleton likely plays an important role in intra- and intercellu-
lar trafﬁcking of many viruses, but may  be accomplished without
altering levels of actin or tubulin. At the same time, these types
of quantiﬁcation-based analyses may  be enriched for proteins far
downstream in signaling pathways that are manipulated or per-
turbed by viruses. This may  be part of the reason that some proteins,
like beta-1,3-glucanases, are found to be upregulated in nearly all
proteomic studies dealing with both viral and non-viral pathogens.
To compliment these types of experiments, it will be imperative to
elucidate which proteins interact with the viral proteins of interest,
either directly or as part of a protein complex, and furthermore, to
deﬁne the protein complexes that form with each viral protein so
that the functions during infection can be elucidated in combina-
tion with traditional plant virology studies (for example: see Ref.
[79]). This can be done either by co-immunoprecipitation of tagged
or antibody-reactive viral components [20], far Western analy-
sis [102], or using mass spectrometry-based technologies [11,76].
In the ﬁeld of human and animal virus-host interactions, signiﬁ-
cant progress has been made through proteomic studies utilizing
co-immunoprecipitation coupled to mass spectrometry, demon-
strating the value of these approaches for studying these unique
and highly recalcitrant systems [148–151].
Analysis of large data sets, like those often generated in pro-
teomic experiments, remains a challenge in the “-omic” era. Some
tools, such as gene ontology (GO) and STRING (http://string-db.
org) analysis, are available to help identify the primary pathways,
networks, or functions represented in a data set (for examples:
see Refs. [20,77,80,152]), but teasing out candidate genes for val-
idation and downstream analysis is a signiﬁcant hurdle. Some
groups, primarily in vertebrate biology, seek to solve this issue
using systems biology: a computational modeling approach that
aims to simulate the complex interconnected network of genes
and proteins in a cell. Systems biology models can be used to
predict effects of perturbing a particular gene/protein, predict dis-
ease outcomes for a given dataset [153], or identify novel or key
genes in disease. Despite the potential applications, however, sys-
tems biology has not been appreciably applied to crop disease,
likely due primarily to the difﬁculty in setting up these mod-
els, which require carefully curated databases containing multiple
“-omics” data sets, as well as a signiﬁcant knowledge of program-
ming and mathematics. Systems biology in plant pathology, further
application of proteomics to non-model hosts and tissues, and
integrating information about the plant host, pathogen, and in
some cases the vector, will open up new avenues for crop disease
management.
Acknowledgment
The authors would like to thank the National Science Foundation
grant 1354309 and NIH grant 5T15HD072999-04 for funding.
References
[1] S.M. Gray, M.  Cilia, M.  Ghanim, Circulative, nonpropagative virus
transmission: an orchestra of virus-, insect-, and plant-derived instruments,
Adv. Virus Res. 89 (2014) 141–199.
[2] L.L. Ingwell, S.D. Eigenbrode, N.A. Bosque-Pérez, Plant viruses alter insect
behavior to enhance their spread, Sci. Rep. 2 (2012).
[3] J.C. Holmes, W.M.  Bethel, Modiﬁcation of intermediate host behaviour by
parasites, in: E.U. Canning, C.A. Wright (Eds.), Behavioural Aspects of
Parasite Transmission, Academic Press, 1972, pp. 123–149.
[4] A. Levy, Y. Zheng Judy, G. Lazarowitz Sondra, Synaptotagmin SYTA forms
ER-plasma membrane junctions that are recruited to plasmodesmata for
plant virus movement, Curr. Biol. 25 (2015) 1–8.
2 rrent P2 M.M. Alexander, M. Cilia / Cu
[5] A. Levy, M.  Erlanger, M. Rosenthal, B.L. Epel, A plasmodesmata-associated
-1,3-glucanase in Arabidopsis, Plant J. 49 (2007) 669–682.
[6] K.A. Peter, F.E. Gildow, P. Palukaitis, S.M. Gray, The C terminus of the
Polerovirus p5 readthrough domain limits virus infection to the phloem, J.
Virol. 83 (2009) 5419–5429.
[7] J.L. Dangl, R.A. Dietrich, M.H. Richberg, Death don’t have no mercy: cell death
programs in plant-microbe interactions, Plant Cell 8 (1996) 1793–1807.
[8] J.T. Greenberg, N. Yao, The role and regulation of programmed cell death in
plant-pathogen interactions, Cell Microbiol. 6 (2004) 201–211.
[9] R.I. Pennell, C. Lamb, Programmed cell death in plants, Plant Cell 9 (1997)
1157–1168.
[10] E. Lam, N. Kato, M.  Lawton, Programmed cell death, mitochondria and the
plant hypersensitive response, Nature 411 (2001) 848–853.
[11] J.D. Chavez, M.  Cilia, C.R. Weisbrod, H.-J. Ju, J.K. Eng, Cross-linking
measurements of the Potato leafroll virus reveal protein interaction
topologies required for virion stability, aphid transmission, and virus-plant
interactions, J. Proteom. Res. 11 (2012) 2968–2981.
[12] M.  Di Carli, E. Benvenuto, M.  Donini, Recent insights into plant-virus
interactions through proteomic analysis, J. Proteom. Res. 11 (2012)
4765–4780.
[13] M.  Heinlein, Plant virus replication and movement, Virology 479–480
(2015) 657–671.
[14] J. Tilsner, O. Linnik, M.  Louveaux, I.M. Roberts, S.N. Chapman, K.J. Oparka,
Replication and trafﬁcking of a plant virus are coupled at the entrances of
plasmodesmata, J. Cell Biol. 201 (2013) 981–995.
[15] R. Grangeon, J. Jiang, J.F. Laliberté, Host endomembrane recruitment for
plant RNA virus replication, Current Opin. Virol. 2 (2012) 677–684.
[16] C. Patarroyo, J.-F. Laliberté, H. Zheng, Hijack it, change it: how do plant
viruses utilize the host secretory pathway for efﬁcient viral replication and
spread? Front. Plant Sci. 3 (2012) 308.
[17] H. Sanfac¸ on, Replication of positive-strand RNA viruses in plants: contact
points between plant and virus components, Can. J. Bot. 83 (2005)
1529–1549.
[18] J.D. Lewis, S.G. Lazarowitz, Arabidopsis synaptotagmin SYTA regulates
endocytosis and virus movement protein cell-to-cell transport, Proc. Natl.
Acad. Sci. 107 (2010) 2491–2496.
[19] B.-J. Lee, S.J. Kwon, S.-K. Kim, K.-J. Kim, C.-J. Park, Y.-J. Kim, O.K. Park, K.-H.
Paek, Functional study of hot pepper 26S proteasome subunit RPN7 induced
by Tobacco mosaic virus from nuclear proteome analysis, Biochem. Biophys.
Res. Commun. 351 (2006) 405–411.
[20] S.L. DeBlasio, R. Johnson, J. Mahoney, A. Karasev, S.M. Gray, M.J. MacCoss, M.
Cilia, Insights into the Polerovirus-plant interactome revealed by
coimmunoprecipitation and mass spectrometry, Mol. Plant Microbe
Interact. 28 (2015) 467–481.
[21] S. Shepardson, K. Esau, R. McCrum, Ultrastructure of potato leaf phloem
infected with Potato leafroll virus, Virology 105 (1980) 379–392.
[22] W.  Golinowski, K. Tomenius, P. Oxelfelt, Ultrastructural studies on potato
phloem cells infected with Potato leaf roll virus—comparison of two potato
varieties, Acta Agric. Scand. 37 (1987) 3–19.
[23] S.M. Gray, F.E. Gildow, Luteovirus-aphid interactions, Annu. Rev.
Phytopathol. 41 (2003) 539–566.
[24] U.F. Greber, M. Way, A superhighway to virus infection, Cell 124 (2006)
741–754.
[25] B.M. Ward, The taking of the cytoskeleton one two three: how viruses utilize
the  cytoskeleton during egress, Virology 411 (2011) 244–250.
[26] C. Liu, R.S. Nelson, The cell biology of Tobacco mosaic virus replication and
movement, Front. Plant Sci. 4 (2013) 12.
[27] M.  Heinlein, B.L. Epel, H.S. Padgett, R.N. Beachy, Interaction of Tobamovirus
movement proteins with the plant cytoskeleton, Science 270 (1995)
1983–1985.
[28] M.  Heinlein, H.S. Padgett, J.S. Gens, B.G. Pickard, S.J. Casper, B.L. Epel, R.N.
Beachy, Changing patterns of localization of the Tobacco mosaic virus
movement protein and replicase to the endoplasmic reticulum and
microtubules during infection, Plant Cell 10 (1998) 1107–1120.
[29] B.G. McLean, J. Zupan, P.C. Zambryski, Tobacco mosaic virus movement
protein associates with the cytoskeleton in tobacco cells, Plant Cell 7 (1995)
2101–2114.
[30] V. Boyko, J. Ferralli, J. Ashby, P. Schellenbaum, M.  Heinlein, Function of
microtubules in intercellular transport of plant virus RNA, Nat. Cell Biol. 2
(2000) 826–832.
[31] P. Más, R.N. Beachy, Replication of Tobacco mosaic virus on endoplasmic
reticulum and role of the cytoskeleton and virus movement protein in
intracellular distribution of viral RNA, J. Cell Biol. 147 (1999) 945–958.
[32] V. Boyko, Q. Hu, M.  Seemanpillai, J. Ashby, M. Heinlein, Validation of
microtubule-associated Tobacco mosaic virus RNA movement and
involvement of microtubule-aligned particle trafﬁcking, Plant J. 51 (2007)
589–603.
[33] T. Gillespie, P. Boevink, S. Haupt, A.G. Roberts, R. Toth, T. Valentine, S.
Chapman, K.J. Oparka, Functional analysis of a DNA-shufﬂed movement
protein reveals that microtubules are dispensable for the cell-to-cell
movement of Tobacco mosaic virus, Plant Cell 14 (2002) 1207–1222.[34] S. Kawakami, Y. Watanabe, R.N. Beachy, Tobacco mosaic virus infection
spreads cell to cell as intact replication complexes, Proc. Natl. Acad. Sci. U. S.
A.  101 (2004) 6291–6296.
[35] H.S. Padgett, B.L. Epel, T.W. Kahn, M.  Heinlein, Y. Watanabe, R.N. Beachy,
Distribution of Tobamovirus movement protein in infected cells andlant Biology 5 (2016) 13–24
implications for cell-to-cell spread of infection, Plant J. 10 (1996)
1079–1088.
[36] C. Reichel, R.N. Beachy, Tobacco mosaic virus infection induces severe
morphological changes of the endoplasmic reticulum, Proc. Natl. Acad. Sci.
U. S. A. 95 (1998) 11169–11174.
[37] K.M. Wright, G.H. Cowan, N.I. Lukhovitskaya, J. Tilsner, A.G. Roberts, E.I.
Savenkov, L. Torrance, The N-terminal domain of PMTV TGB1 movement
protein is required for nucleolar localization, microtubule association, and
long-distance movement, Mol. Plant Microbe Interact. 23 (2010) 1486–1497.
[38] C. Laporte, G. Vetter, A.-M. Loudes, D.G. Robinson, S. Hillmer, C.
Stussi-Garaud, C. Ritzenthaler, Involvement of the secretory pathway and
the  cytoskeleton in intracellular targeting and tubule assembly of Grapevine
fanleaf virus movement protein in tobacco BY-2 cells, Plant Cell 15 (2003)
2058–2075.
[39] S. Blanc, I. Schmidt, M.  Vantard, H.B. Scholthof, G. Kuhl, P. Esperandieu, M.
Cerutti, C. Louis, The aphid transmission factor of Cauliﬂower mosaic virus
forms a stable complex with microtubules in both insect and plant cells,
Proc. Natl. Acad. Sci. U. S. A. 93 (1996) 15158–15163.
[40] A. Martinière, D. Gargani, M.  Uzest, N. Lautredou, S. Blanc, M.  Drucker, A role
for plant microtubules in the formation of transmission-speciﬁc inclusion
bodies of Cauliﬂower mosaic virus, Plant J. 58 (2009) 135–146.
[41] S.P. Rodrigues, J.A. Ventura, C. Aguilar, E.S. Nakayasu, I.C. Almeida, P.M.B.
Fernandes, R.B. Zingali, Proteomic analysis of papaya (Carica papaya L.)
displaying typical sticky disease symptoms, Proteomics 11 (2011)
2592–2602.
[42] M.  Giribaldi, M.  Purrotti, D. Paciﬁco, D. Santini, F. Mannini, P. Caciagli, L.
Rolle, L. Cavallarin, M.G. Giuffrida, C. Marzachì, A multidisciplinary study on
the  effects of phloem-limited viruses on the agronomical performance and
berry quality of Vitis vinifera cv. Nebbiolo, J. Proteom. 75 (2011) 306–315.
[43] J.-Z. Liu, E.B. Blancaﬂor, R.S. Nelson, The Tobacco mosaic virus 126-kilodalton
protein, a constituent of the virus replication complex, alone or within the
complex aligns with and trafﬁcs along microﬁlaments, Plant Physiol. 138
(2005) 1853–1865.
[44] P.A. Harries, K. Palanichelvam, W.  Yu, J.E. Schoelz, R.S. Nelson, The
Cauliﬂower mosaic virus protein P6 forms motile inclusions that trafﬁc along
actin microﬁlaments and stabilize microtubules, Plant Physiol. 149 (2009)
1005–1016.
[45] P.A. Harries, J.-W. Park, N. Sasaki, K.D. Ballard, A.J. Maule, R.S. Nelson,
Differing requirements for actin and myosin by plant viruses for sustained
intercellular movement, Proc. Natl. Acad. Sci. U. S. A. 106 (2009)
17594–17599.
[46] S. Cotton, R. Grangeon, K. Thivierge, I. Mathieu, C. Ide, T. Wei, A. Wang, J.-F.
Laliberté, Turnip mosaic virus RNA replication complex vesicles are mobile,
align with microﬁlaments, and are each derived from a single viral genome,
J.  Virol. 83 (2009) 10460–10471.
[47] S. Haupt, T. Stroganova, E. Ryabov, S.H. Kim, G. Fraser, G. Duncan, M.A. Mayo,
H.  Barker, M.E. Taliansky, Nucleolar localization of Potato leafroll virus capsid
proteins, J. Gen. Virol. 86 (2005) 2891–2896.
[48] H.-J. Ju, T.D. Samuels, Y.-S. Wang, E. Blancaﬂor, M.  Payton, R. Mitra, K.
Krishnamurthy, R.S. Nelson, J. Verchot-Lubicz, The Potato virus X TGBp2
movement protein associates with endoplasmic reticulum-derived vesicles
during virus infection, Plant Physiol. 138 (2005) 1877–1895.
[49] S. Su, Z. Liu, C. Chen, Y. Zhang, X.-C. Wang, L. Zhu, L. Miao, X.-C. Wang, M.
Yuan, Cucumber mosaic virus movement protein severs actin ﬁlaments to
increase the plasmodesmal size exclusion limit in tobacco, Plant Cell 22
(2010) 1373–1387.
[50] K. Amari, A. Lerich, C. Schmitt-Keichinger, V.V. Dolja, C. Ritzenthaler,
Tubule-guided cell-to-cell movement of a plant virus requires class XI
myosin motors, PLoS Pathog. 7 (2011).
[51] R.L. Larson, W.M.  Wintermantel, A. Hill, L. Fortis, A. Nunez, Proteome
changes in sugar beet in response to Beet necrotic yellow vein virus, Physiol.
Mol. Plant Pathol. 72 (2008) 62–72.
[52] M.S. Mooseker, Actin binding proteins of the brush border, Cell 35 (1983)
11–13.
[53] J.R. Glenney, P. Kaulfus, P. Matsudaira, K. Weber, F-actin binding and
bundling properties of ﬁmbrin, a major cytoskeletal protein of microvillus
core ﬁlaments, J. Biol. Chem. 256 (1981) 9283–9288.
[54] J.-Q. Wu,  J. Bähler, J.R. Pringle, Roles of a ﬁmbrin and an -actinin-like
protein in ﬁssion yeast cell polarization and cytokinesis, Mol. Biol. Cell 12
(2001) 1061–1077.
[55] J.-G. Gao, A. Nassuth, Alteration of major cellular organelles in wheat leaf
tissue infected with Wheat streak mosaic Rymovirus (Potyviridae),
Phytopathology 83 (1993) 206–213.
[56] A.C. Magyarosy, B.B. Buchanan, P. Schürmann, Effect of a systemic virus
infection on chloroplast function and structure, Virology 55 (1973) 426–438.
[57] L. Técsi, A. Maule, A. Smith, R. Leegood, Complex, localized changes in CO2
assimilation and starch content associated with the susceptible interaction
between Cucumber mosaic virus and a cucurbit host, Plant J. 5 (1994)
837–847.
[58] T. Mochizuki, S.T. Ohki, Single amino acid substitutions at residue 129 in the
coat protein of Cucumber mosaic virus affect symptom expression and
thylakoid structure, Arch. Virol. 156 (2011) 881–886.
[59] K. Asada, Production and scavenging of reactive oxygen species in
chloroplasts and their functions, Plant Physiol. 141 (2006) 391–396.
rrent PM.M. Alexander, M. Cilia / Cu
[60] S.S. Gill, N. Tuteja, Reactive oxygen species and antioxidant machinery in
abiotic stress tolerance in crop plants, Plant Physiol. Biochem. 48 (2010)
909–930.
[61] D. Shalitin, S. Wolf, Cucumber mosaic virus infection affects sugar transport
in  melon plants, Plant Physiol. 123 (2000) 597–604.
[62] A.T. Lehrer, E. Komor, Carbon dioxide assimilation by virus-free sugarcane
plants and by plants which were infected by Sugarcane yellow leaf virus,
Physiol. Mol. Plant Pathol. 73 (2009) 147–153.
[63] M.C. Gonc¸ alves, J. Vega, J.G. Oliveira, M.M.A. Gomes, Sugarcane yellow leaf
virus infection leads to alterations in photosynthetic efﬁciency and
carbohydrate accumulation in sugarcane leaves, Fitopatologia Brasileira 30
(2005) 10–16.
[64] B. Sampol, J. Bota, D. Riera, H. Medrano, J. Flexas, Analysis of the
virus-induced inhibition of photosynthesis in malmsey grapevines, New
Phytol. 160 (2003) 403–412.
[65] J. Rahoutei, I. García-Luque, M.  Barón, Inhibition of photosynthesis by viral
infection: effect on PSII structure and function, Physiol. Plant. 110 (2000)
286–292.
[66] J.P. Brizard, C. Carapito, F. Delalande, A. Van Dorsselaer, C. Brugidou,
Proteome analysis of plant-virus interactome: comprehensive data for virus
multiplication inside their hosts, Mol. Cell. Proteom.: MCP 5 (2006)
2279–2297.
[67] M. Di Carli, M.E. Villani, L. Bianco, R. Lombardi, G. Perrotta, E. Benvenuto, M.
Donini, Proteomic analysis of the plant-virus interaction in Cucumber mosaic
virus  (CMV) resistant transgenic tomato, J. Proteome. Res. 9 (2010)
5684–5697.
[68] M.L. Pérez-Bueno, J. Rahoutei, C. Sajnani, I. García-Luque, M.  Barón,
Proteomic analysis of the oxygen-evolving complex of photosystem II under
biotec stress: Studies on Nicotiana benthamiana infected with
Tobamoviruses,  Proteomics 4 (2004) 418–425.
[69] M. Pineda, C. Sajnani, M.  Barón, Changes induced by the Pepper mild mottle
Tobamovirus on the chloroplast proteome of Nicotiana benthamiana,
Photosynth. Res. 103 (2009) 31–45.
[70] A. Obrealska-Steplowska, P. Wieczorek, M.  Budziszewska, A. Jeszke, J.
Renaut, How can plant virus satellite RNAs alter the effects of plant virus
infection? A study of the changes in the Nicotiana benthamiana proteome
after infection by Peanut stunt virus in the presence or absence of its satellite
RNA, Proteomics 13 (2013) 2162–2175.
[71] J. Casado-Vela, S. Sellés, R.B. Martínez, Proteomic analysis of Tobacco mosaic
virus-infected tomato (Lycopersicon esculentum M.)  fruits and detection of
viral coat protein, Proteomics 6 (Suppl. 1) (2006) S196–S206.
[72] L. Wu,  S. Wang, X. Chen, X. Wang, L. Wu,  X. Zu, Y. Chen, Proteomic and
phytohormone analysis of the response of maize (Zea mays L.) seedlings to
Sugarcane mosaic virus, PLoS One 8 (2013).
[73] T. Lai, Y. Deng, P. Zhang, Z. Chen, F. Hu, Q. Zhang, Y. Hu, N. Shi,
Proteomics-based analysis of Phalaenopsis amabilis in response toward
Cymbidium mosaic virus and/or Odontoglossum ringspot virus infection, Am.  J.
Plant Sci. 4 (2013) 1853–1862.
[74] S. Nováková, G. Flores-Ramírez, M.  Glasa, M.  Danchenko, R. Fiala, L. Skultety,
Partially resistant Cucurbita pepo showed late onset of the Zucchini yellow
mosaic virus infection due to rapid activation of defense mechanisms as
compared to susceptible cultivar, Front. Plant Sci. 6 (2015).
[75] L.S.T. Carmo, R.O. Resende, L.P. Silva, S.G. Ribeiro, A. Mehta, Identiﬁcation of
host proteins modulated by the virulence factor AC2 of Tomato chlorotic
mottle virus in Nicotiana benthamiana, Proteomics 13 (2013) 1947–1960.
[76] M. Cilia, K.A. Peter, M.S. Bereman, K.J. Howe, T. Fish, D. Smith, F. Gildow, M.J.
MacCoss, T.W. Thannhauser, S.M. Gray, Discovery and targeted LC–MS/MS of
puriﬁed Polerovirus reveals differences in the virus–host interactome
associated with altered aphid transmission, PLoS One 7 (2012) e48177.
[77] L. Wu,  Z. Han, S. Wang, X. Wang, A. Sun, X. Zu, Y. Chen, Comparative
proteomic analysis of the plant-virus interaction in resistant and susceptible
ecotypes of maize infected with Sugarcane mosaic virus, J. Proteom. 89
(2013) 124–140.
[78] Y. Ma,  T. Zhou, Y. Hong, Z. Fan, H. Li, Decreased level of ferredoxin I in
Tobacco mosaic virus-infected tobacco is associated with development of the
mosaic symptom, Physiol. Mol. Plant Pathol. 72 (2008) 39–45.
[79] S.L. DeBlasio, R. Johnson, M.M.  Sweeney, A. Karasev, S.M. Gray, M.J. MacCoss,
M. Cilia, Potato leafroll virus structural proteins manipulate overlapping, yet
distinct protein interaction networks during infection, Proteomics 15 (2015)
2098–2112.
[80] P.-C. Lin, W.-C. Hu, S.-C. Lee, Y.-L. Chen, C.-Y. Lee, Y.-R. Chen, L.-Y.D. Liu, P.-Y.
Chen, S.-S. Lin, Y.-C. Chang, Application of an integrated omics approach for
identifying host proteins that interact with Odontoglossum ringspot virus
capsid protein, Mol. Plant Microbe Interact. 28 (2015) 711–726.
[81] K. Li, C. Xu, J. Zhang, Proteome proﬁle of maize (Zea mays L.) leaf tissue at the
ﬂowering stage after long-term adjustment to Rice black-streaked dwarf
virus infection, Gene 485 (2011) 106–113.
[82] Q. Xu, H. Ni, Q. Chen, F. Sun, T. Zhou, Y. Lan, Y. Zhou, Comparative proteomic
analysis reveals the cross-talk between the responses induced by H2O2 and
by  long-term Rice black-streaked dwarf virus infection in rice, PLoS One 8
(2013) e81640.[83] H. Yang, Y. Huang, H. Zhi, D. Yu, Proteomics-based analysis of novel genes
involved in response toward Soybean mosaic virus infection, Mol. Biol. Rep.
38  (2011) 511–521.lant Biology 5 (2016) 13–24 23
[84] S. Kundu, D. Chakraborty, A. Pal, Proteomic analysis of salicylic acid induced
resistance to Mungbean yellow mosaic India virus in Vigna mungo, J. Proteom.
74  (2011) 337–349.
[85] L.I. Tecsi, A.J. Maule, A.M. Smith, R.C. Leegood, Metabolic alteration in
cotyledons of Cucurbita pepo infected by Cucumber mosaic virus, J. Exp. Bot.
45  (1994) 1541–1551.
[86] L.I. Tecsi, A.M. Smith, A.J. Maule, R.C. Leegood, A spatial analysis of
physiological changes associated with infection of cotyledons of marrow
plants with Cucumber mosaic virus, Plant Physiol. 111 (1996) 975–985.
[87] S. Kundu, D. Chakraborty, A. Kundu, A. Pal, Proteomics approach combined
with biochemical attributes to elucidate compatible and incompatible
plant-virus interactions between Vigna mungo and Mungbean yellow mosaic
India virus, Proteome Sci. 11 (2013) 15.
[88] M.  Ventelon-Debout, F. Delalande, J.P. Brizard, H. Diemer, A. Van Dorsselaer,
C.  Brugidou, Proteome analysis of cultivar-speciﬁc deregulations of Oryza
sativa indica and O. sativa japonica cellular suspensions undergoing Rice
yellow mottle virus infection, Proteomics 4 (2004) 216–225.
[89] M.  Ashraf, Z.U. Zafar, T. McNeilly, C.J. Veltkamp, Some morpho–anatomical
characteristics of cotton (Gossypium hirsutum L.) in relation to reistance to
Cotton leaf curl virus (CLCuV), J. Appl. Bot. 73 (1999) 76–82.
[90] M.  Ashraf, Z.U. Zafar, Patterns of free carbohydrates and starch accumulation
in  the leaves of cotton (Gossypium hirsutum L.) cultivars differing in
resistance to Cotton leaf curl virus, Arch. Agron. Soil Sci. 45 (2000) 1–9.
[91] M.C. Arias, S. Lenardon, E. Taleisnik, Carbon metabolism alterations in
sunﬂower plants infected with the Sunﬂower chlorotic mottle virus, J.
Phytopathol. 151 (2003) 267–273.
[92] N. Ephraim, B. Yona, A. Evans, A. Sharon, A. Titus, Effect of Cassava brown
streak disease (CBSD) on cassava (Manihot esculenta Crantz) root storage
components, starch quantities and starch quality properties, Int. J. Plant
Physiol. Biochem. 7 (2015) 12–22.
[93] A.A. Olesinski, W.J. Lucas, E. Galun, S. Wolp, Pleiotropic effects of
Tobacco-mosaic-virus movement protein on carbon metabolism in
transgenic tobacco plants, Planta (1995) 118–126.
[94] W.J. Lucas, A. Olesinski, R.J. Hull, J.S. Haudenshield, C.M. Deom, R.N. Beachy,
S. Wolf, Inﬂuence of the Tobacco mosaic virus 30-kDa movement protein on
carbon metabolism and photosynthate partitioning in transgenic tobacco
plants, Planta 190 (1993) 88–96.
[95] S. Balachandran, R.J. Hull, Y. Vaadia, S. Wolf, W.J. Lucas, Alteration in carbon
partitioning induced by the movement protein of Tobacco mosaic virus
originates in the mesophyll and is independent of change in the
plasmodesmal size exclusion limit, Plant Cell Environ. 18 (1995) 1301–1310.
[96] L. Fernandez-Calvino, S. Osorio, M.L. Hernandez, I.B. Hamada, F.J. del Toro, L.
Donaire, A. Yu, R. Bustos, A.R. Fernie, J.M. Martinez-Rivas, et al.,
Virus-induced alterations in primary metabolism modulate susceptibility to
Tobacco rattle virus in Arabidopsis, Plant Physiol. 166 (2014) 1821–1838.
[97] O.A. Postnikova, L.G. Nemchinov, Comparative analysis of microarray data in
Arabidopsis transcriptome during compatible interactions with plant
viruses, Virol. J. 9 (2012) 101.
[98] M.  Serra-Soriano, J.A. Navarro, A. Genoves, V. Pallás, Comparative proteomic
analysis of melon phloem exudates in response to viral infection, J. Proteom.
124  (2015) 11–24.
[99] J. Zeier, New insights into the regulation of plant immunity by amino acid
metabolic pathways, Plant Cell Environ. 36 (2013) 2085–2103.
[100] M.R. Bauer, Role of reactive oxygen species and antioxidant enzymes in
systemic virus infections of plants, J. Phytopathol. 148 (2000) 297–302.
[101] M.  Rodriguez, E. Taleisnik, S. Lenardon, R. Lascano, Are Sunﬂower chlorotic
mottle virus infection symptoms modulated by early increases in leaf sugar
concentration? J. Plant Physiol. 167 (2010) 1137–1144.
[102] B. Bencharki, S. Boissinot, S. Revollon, V. Ziegler-Graff, M.  Erdinger, L. Wiss,
S.  Dinant, D. Renard, M.  Beuve, C. Lemaitre-Guillier, et al., Phloem protein
partners of Cucurbit aphid borne yellows virus: possible involvement of
phloem proteins in virus transmission by aphids, Mol. Plant Microbe
Interact. 23 (2010) 799–810.
[103] M.I. Elvira, M.M.  Galdeano, P. Gilardi, I. García-Luque, M.T. Serra, Proteomic
analysis of pathogenesis-related proteins (PRs) induced by compatible and
incompatible interactions of Pepper mild mottle virus (PMMoV) in Capsicum
chinense L3 plants, J. Exp. Bot. 59 (2008) 1253–1265.
[104] X.M. Xu, J. Wang, Z. Xuan, A. Goldshmidt, P.G.M. Borrill, N. Hariharan, J.-Y.
Kim, D. Jackson, Chaperonins facilitate KNOTTED1 cell-to-cell trafﬁcking
and  stem cell function, Science 333 (2011) 1141–1144.
[105] D.B. Williams, Beyond lectins: the calnexin/calreticulin chaperone system of
the  endoplasmid reticulum, J. Cell Sci. 119 (2005) 615–623.
[106] J.A. O’Brien, A. Daudi, V.S. Butt, G.P. Bolwell, Reactive oxygen species and
their role in plant defence and cell wall metabolism, Planta 236 (2012)
765–779.
[107] L. Chen, K. Shimamoto, Emerging roles of molecular chaperones in plant
innate immunity, J. Gen. Plant Pathol. 77 (2011) 1–9.
[108] K. Shirasu, The HSP90-SGT1 chaperone complex for NLR immune sensors,
Ann. Rev. Plant Biol. 60 (2009) 139–164.
[109] J. Verchot, Cellular chaperones and folding enzymes are vital contributors to
membrane bound replication and movement complexes during plant RNA
virus infection, Front. Plant Sci. 3 (2012) 275.
[110] A.A. Agranovsky, V.P. Boyko, A.V. Karasev, E.V. Koonin, V.V. Dolja, Putative
65 kDa protein of Beet yellows closterovirus is a homologue of HSP70 heat
shock proteins, J. Mol. Biol. 217 (1991) 603–610.
2 rrent P
S.F. Elena, Characterization of the Arabidopsis thaliana interactome targeted
by viruses Santa Fe Institute Working Paper 11-10-049 (2011).
[153] J. Das, K.M. Gayvert, F. Bunea, M.H. Wegkamp, H. Yu, ENCAPP:
elastic-net-based prognosis prediction and biomarker discovery for human
cancers, BMC Genomics 16 (2015) 1–13.4 M.M. Alexander, M. Cilia / Cu
[111] A.V. Karasev, A.S. Kashina, V.I. Gelfand, V.V. Dolja, HSP70-related 65 kDa
protein of Beet yellows closterovirus is a microtubule-binding protein, FEBS
Lett. 304 (1992) 12–14.
[112] A.J. Napuli, B.W. Falk, V.V. Dolja, Interaction between HSP70 homolog and
ﬁlamentous virions of the Beet yellows virus, Virology 274 (2000) 232–239.
[113] A.I. Prokhnevsky, V.V. Peremyslov, A.J. Napuli, V.V. Dolja, Interaction
between long-distance transport factor and Hsp70-related movement
protein of Beet yellows virus, J. Virol. 76 (2002) 11003–11011.
[114] A.I. Prokhnevsky, V.V. Peremyslov, V.V. Dolja, Actin cytoskeleton is involved
in targeting of a viral Hsp70 homolog to the cell periphery, J. Virol. 79 (2005)
14421–14428.
[115] D. Avisar, A.I. Prokhnevsky, V.V. Dolja, Class VIII myosins are required for
plasmodesmatal localization of a Closterovirus Hsp70 homolog, J. Virol. 82
(2008) 2836–2843.
[116] D.V. Alzhanova, A.I. Prokhnevsky, V.V. Peremyslov, V.V. Dolja, Virion tails of
Beet yellows virus: coordinated assembly by three structural proteins,
Virology 359 (2007) 220–226.
[117] D. Malter, S. Wolf, Melon phloem-sap proteome: developmental control and
response to viral infection, Protoplasma 248 (2011) 217–224.
[118] S.Y. Cho, W.K. Cho, K.H. Kim, Identiﬁcation of tobacco proteins associated
with the stem-loop 1 RNAs of Potato virus X, Mol. Cells 33 (2012) 379–384.
[119] A. Edreva, Pathogenesis-related proteins: research progress in the last 15
years, Gen. Appl. Plant Physiol. 31 (2005) 105–124.
[120] L.C. van Loon, M.  Rep, C.M.J. Pieterse, Signiﬁcance of inducible
defense-related proteins in infected plants, Annu. Rev. Phytopathol. 44
(2006) 135–162.
[121] A. Levy, D. Guenoune-Gelbart, B.L. Epel, Beta-1,3-glucanases: plasmodesmal
gate keepers for intercellular communication, Plant Signal. Behav. 2 (2007)
404–407.
[122] M.D. Cantú, A.G. Mariano, M.S. Palma, E. Carrilho, N.A. Wulff, Proteomic
analysis reveals suppression of bark chitinases and proteinase inhibitors in
citrus plants affected by the citrus sudden death disease, Phytopathology 98
(2008) 1084–1092.
[123] A.J. Vigers, S. Wiedemann, W.K. Roberts, M.  Legrand, C.P. Selitrennikoff, B.
Fritig, Thaumatin-like pathogenesis-related proteins are antifungal, Plant
Sci.  83 (1992) 155–161.
[124] P. Diaz-Vivancos, M.  Rubio, V. Mesonero, P.M. Periago, A. Ros Barceló, P.
Martínez-Gómez, J.A. Hernández, The apoplastic antioxidant system in
Prunus:  response to long-term Plum pox virus infection, J. Exp. Bot. 57 (2006)
3813–3824.
[125] J.M. Dunwell, J.G. Gibbings, T. Mahmood, S.M.S. Naqvi, Germin and
germin-like proteins: evolution, structure, and function, Crit. Rev. Plant Sci.
(2008) 37–41.
[126] S.P. Rodrigues, M. Da Cunha, J.A. Ventura, P.M.B. Fernandes, Effects of the
Papaya meleira virus on papaya latex structure and composition, Plant Cell
Rep.  28 (2009) 861–871.
[127] S.S. Gampala, T.-W. Kim, J.-X. He, W.  Tang, Z. Deng, M.-Y. Bai, S. Guan, S.
Lalonde, Y. Sun, J.M. Gendron, H. Chen, N. Shibagaki, R.J. Ferl, D. Ehrhardt, K.
Chong, A.L. Burlingame, Z.-Y. Wang, An essential role for 14-3-3 proteins in
brassinosteroid signal transduction in Arabidopsis, Dev. Cell 13 (2007)
177–189.
[128] M.H. Oh, X. Wang, S. Clouse, S. Huber, 14-3-3 proteins bind to the
brassinosteroid receptor kinase, BRI1 and are positive regulators of
brassinosteroid signaling, American Society of Plant Biologists Annual
Meeting (2009).
[129] R. Lozano-Durán, S. Robatzek, 14-3-3 proteins in plant-pathogen
interactions, Mol. Plant Microbe Interact. 28 (2015) 511–518.
[130] F.C. Denison, A.-L. Paul, A.K. Zupanska, R.J. Ferl, 14-3-3 proteins in plant
physiology, Semin. Cell Dev. Biol. 22 (2011) 720–727.
[131] S.C. Huber, C. MacKintosh, W.M.  Kaiser, Metabolic enzymes as targets for
14-3-3 proteins, Plant Mol. Biol. 50 (2002) 1053–1063.
[132] P.G. Sappl, A.J. Carroll, R. Clifton, R. Lister, J. Whelan, A. Harvey Millar, K.B.
Singh, The Arabidopsis glutathione transferase gene family displays complex
stress regulation and co-silencing multiple genes results in altered
metabolic sensitivity to oxidative stress, Plant J. 58 (2009) 53–68.
[133] J. Braam, P. Campbell, Xyloglucan endotransglycosylases: diversity of genes,
enzymes and potential wall-modifying functions, Trends Plant Sci. 4 (1999)
361–366.lant Biology 5 (2016) 13–24
[134] S.J. Lee, R.S. Saravanan, C.M. Damasceno, H. Yamane, B.D. Kim, J.K. Rose,
Digging deeper into the plant cell wall proteome, Plant Physiol. Biochem. 42
(2004) 979–988.
[135] E. Ruiz-May, J.K. Rose, Progress toward the tomato fruit cell wall proteome,
Front. Plant Sci. 4 (2013) 159.
[136] B. Printz, R. Dos Santos Morais, S. Wienkoop, K. Sergeant, S. Lutts, J.F.
Hausman, J. Renaut, An improved protocol to study the plant cell wall
proteome, Front. Plant Sci. 6 (2015) 237.
[137] A. Afroz, M.  Zahur, N. Zeeshan, S. Komatsu, Plant-bacterium interactions
analyzed by proteomics, Front. Plant Sci. 4 (2013) 21.
[138] R. Vanholme, B. Demedts, K. Morreel, J. Ralph, W.  Boerjan, Lignin
biosynthesis and structure, Plant Physiol. 153 (2010)
895–905.
[139] D. Mohnen, Pectin structure and biosynthesis, Curr. Opin. Plant Biol. 11
(2008) 266–277.
[140] M.H. Chen, J. Sheng, G. Hind, A.K. Handa, V. Citovsky, Interaction between the
Tobacco mosaic virus movement protein and host cell pectin methylesterases
is required for viral cell-to-cell movement, EMBO J. 19 (2000) 913–920.
[141] A.C. Schrotenboer, M.S. Allen, C.M. Malmstrom, Modiﬁcation of native
grasses for biofuel production may  increase virus susceptibility, GCB
Bioenergy 3 (2011) 360–374.
[142] S.P. Rodrigues, J.A. Ventura, C. Aguilar, E.S. Nakayasu, H. Choi, T.J.P. Sobreira,
L.L.  Nohara, L.S. Wermelinger, I.C. Almeida, R.B. Zingali, et al., Label-free
quantitative proteomics reveals differentially regulated proteins in the latex
of  sticky diseased Carica papaya L. plants, J. Proteom. 75 (2012) 3191–3198.
[143] A. Niehl, Z.J. Zhang, M.  Kuiper, S.C. Peck, M.  Heinlein, Label-free quantitative
proteomic analysis of systemic responses to local wounding and virus
infection in Arabidopsis thaliana, J. Proteome. Res. 12 (2013) 2491–2503.
[144] G. Lopez-Casado, P.A. Covey, P.A. Bedinger, L.A. Mueller, T.W. Thannhauser,
S.  Zhang, Z. Fei, J.J. Giovannoni, J.K. Rose, Enabling proteomic studies with
RNA-Seq: the proteome of tomato pollen as a test case, Proteomics 12
(2012) 761–774.
[145] Z. Huang, V.M. Andrianov, Y. Han, S.H. Howell, Identiﬁcation of Arabidopsis
proteins that interact with the Cauliﬂower mosaic virus (CaMV) movement
protein, Plant Mol. Biol. 47 (2001) 663–675.
[146] T. Isaacson, C.M. Damasceno, R.S. Saravanan, Y. He, C. Catala, M. Saladie, J.K.
Rose, Sample extraction techniques for enhanced proteomic analysis of
plant tissues, Nat. Protoc. 1 (2006) 769–774.
[147] A. Mehta, B.S. Magalhães, D.S.L. Souza, E.A.R. Vasconcelos, L.P. Silva, M.F.
Grossi-de-Sa, O.L. Franco, P.H.A. da Costa, T.L. Rocha, Rooteomics: the
challenge of discovering plant defense-related proteins in roots, Curr.
Protein Peptide Sci. 9 (2008) 108–116.
[148] I.M. Cristea, J.W. Carroll, M.P. Rout, C.M. Rice, B.T. Chait, M.R. MacDonald,
Tracking and elucidating Alphavirus-host protein interactions, J. Biol. Chem.
281 (2006) 30269–30278.
[149] N.J. Moorman, R. Sharon-Friling, T. Shenk, I.M. Cristea, A targeted
spatial-temporal proteomics approach implicates multiple cellular
trafﬁcking pathways in human Cytomegalovirus virion maturation, Mol. Cell.
Proteom. 9 (2010) 851–860.
[150] D.L. Rowles, S.S. Terhune, I.M. Cristea, Discovery of host-viral protein
complexes during infection, Methods Mol. Biol. 1064 (2013) 43–70.
[151] D.L. Rowles, Y.C. Tsai, T.M. Greco, A.E. Lin, M.  Li, J. Yeh, I.M. Cristea, DNA
methyltransferase DNMT3A associates with viral proteins and impacts
HSV-1 infection, Proteomics 15 (2015)
1968–1982.
[152] G. Rodrigo, J. Carrera, V. Ruiz-Ferrer, F.J. del Toro, C. Llave, O. Voinnet, and
